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ABSTRACT
We show that tagging RR Lyrae stars according to their location in the period–amplitude
diagram can be used to shed light on the genesis of the Galactic stellar halo. The mixture of
RR Lyrae of ab type, separated into classes along the lines suggested by Oosterhoff, displays
a strong and coherent evolution with Galactocentric radius. The change in the RR Lyrae
composition appears to coincide with the break in the halo’s radial density profile at ∼25 kpc.
Using simple models of the stellar halo, we establish that at least three different types of
accretion events are necessary to explain the observed RRab behaviour. Given that there exists
a correlation between the RRab class fraction and the total stellar content of a dwarf satellite,
we hypothesize that the field halo RRab composition is controlled by the mass of the progenitor
contributing the bulk of the stellar debris at the given radius. This idea is tested against a suite
of cosmological zoom-in simulations of Milky Way-like stellar halo formation. Finally, we
study some of the most prominent stellar streams in the Milky Way halo and demonstrate that
their RRab class fractions follow the trends established previously.
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1 IN T RO D U C T I O N
‘Chemical tagging’ postulates the existence of a stellar fingerprint
– a unique pattern of elemental abundances – that each star car-
ries and that can be used to trace it back to its location of origin
(Freeman & Bland-Hawthorn 2002). This hypothesis has motivated
many spectroscopic surveys (Allende Prieto et al. 2008; Cui et al.
2012; Gilmore et al. 2012; De Silva et al. 2015; Majewski et al.
2017) and has kick-started a number of observational (e.g. Helmi
et al. 2006; Majewski et al. 2012; Blanco-Cuaresma et al. 2015)
and theoretical (e.g. Font et al. 2006; Rosˇkar et al. 2008; Bland-
Hawthorn, Krumholz & Freeman 2010) investigations, opening a
new field of astrophysical enquiry – Galactic chemodynamics (see
e.g. Scho¨nrich & Binney 2009; Minchev, Chiappini & Martig 2013,
2014). The application of the ‘chemical tagging’ idea to the studies
of the Galactic disc has enjoyed plenty of success (e.g. De Silva
et al. 2007; Bensby, Feltzing & Oey 2014; Bovy 2016), yet in-
evitably, has uncovered a number of stumbling blocks too (see e.g.
 E-mail: vasily@ast.cam.ac.uk (VB); alis.j.deason@durham.ac.uk (AJD)
Mitschang et al. 2014; Ting, Conroy & Goodman 2015; Ness et al.
2018).
In the Milky Way’s (MW’s) halo, progress has so far been much
slower, mainly because acquiring a large number of high-resolution
spectra of stars across a range of halo locations remains prohibitively
arduous. For example, the most recent attempt to survey the halo
at high resolution beyond the solar neighbourhood (see Battaglia
et al. 2017) includes only 28 stars, whose heliocentric distances
are mostly limited to within 30 kpc. Note, however, that while the
field halo remains poorly explored (in terms of precision chem-
istry), there exists a large amount of spectroscopic data on the
surviving satellites. Curiously, while similar in concept, the ge-
nealogy of the disc and the halo differ substantially in practice.
In the disc, chemodynamicists attempt to rewind the stars back to
the low-mass star clusters they were born in. In the halo, a much
richer variety of progenitors are available: stellar systems with
masses from that of a giant molecular cloud to that of the Large
Magellanic Cloud (LMC) could have all contributed to the halo
formation.
For example, by comparing the abundance trends in the globular
clusters (GCs) and the local halo stars, several authors claim that as
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much as 50 per cent of the stellar halo could have originated in GCs
(Carretta et al. 2010; Martell & Grebel 2010; Martell et al. 2011).
The above calculation relies heavily on the theory that the GCs
were 10–20 times more massive in their youth and have experienced
prolific mass loss since – the argument put in place to explain the
ratios between the second and first generations of their member stars
(see Gratton, Carretta & Bragaglia 2012, for a review). However,
the study of Deason, Belokurov & Weisz (2015) argues against
the stellar halo creation through GC disruption. They base their
argument on the measurements of the ratio of the number of blue
horizontal branch stars to that of blue stragglers. Bear in mind
though that, as Chung, Lee & Pasquato (2016) show, this constraint
may perhaps be circumvented by invoking the loss of most of the
first generation stars early in a cluster’s life.
At the other end of the mass spectrum, observational evidence is
mounting for the most massive dwarf galaxies to contribute a signif-
icant fraction of the stellar halo. First, according to the α-elements to
iron abundance ratio (as gleaned both from low- and high-resolution
spectroscopy), the local stellar halo appears similar to galaxies like
the LMC and Sgr (see e.g. Venn et al. 2004; Tolstoy, Hill & Tosi
2009; de Boer et al. 2014). Additionally, the MW halo’s radial den-
sity profile shows a break at around 25 kpc (Watkins et al. 2009;
Deason, Belokurov & Evans 2011; Sesar, Juric´ & Ivezic´ 2011),
which according to Deason et al. (2013) could be best explained
with an early accretion of a massive stellar system. The final clue can
be found in the study of the make-up of the RR Lyrae population of
the Galactic halo. For example, Stetson et al. (2014) and Fiorentino
et al. (2015) demonstrate that high-amplitude short-period (HASP)
RRab stars can be used to decipher the relative contributions of the
GCs, ultrafaint dwarfs (UFDs), classical dwarf spheroidals (dSphs),
and massive systems such as the LMC and the Small Magellanic
Cloud (SMC). They point out that while the HASP RR Lyrae are a
common denizen of the halo, these stars are completely lacking in
most surviving dwarfs (including all UFDs), except for Sagittarius
(Sgr) and the Magellanic Clouds. In GCs, as Fiorentino et al. (2015)
show, only the more metal-rich systems have sizeable HASP pop-
ulations. Thus the only pathway to HASP creation is via a massive
system with rapid metal enrichment. This picture is in full agree-
ment with the earlier analysis of the period–amplitude distribution
(known as the Bailey diagram) of the RR Lyraes in the halo and the
MW satellites (see e.g. Catelan 2009; Zinn et al. 2014). Note, in ad-
dition, an interesting mechanism for the HASP pulsator production
via hysteresis-like evolution of the RR Lyrae along the horizontal
branch, as presented in Bono et al. (1997).
The hypothesis of the stellar halo creation by way of a massive
dwarf galaxy disruption does not directly contradict the evidence
for a substantial GC contribution. Incontrovertibly, GCs do not form
on their own but always require a host, an unlucky galaxy destined
to be tidally destroyed (see e.g. Kruijssen 2015; Bekki & Tsujimoto
2016; Boylan-Kolchin 2017; Renaud, Agertz & Gieles 2017). Note
that these models also allow formation of some of the metal-rich
clusters in situ (also see formation scenarios discussed in Carretta
et al. 2010). However, it seems likely that an in situ stellar halo
would possess some residual spin still observable at the present
day. Indeed, in the MW, there have been some claims of a detection
of an in situ halo population (see e.g. Carollo et al. 2007, 2010).
However, given that no substantial rotation has been reported for
the Galactic metal-poor halo tracers (see Deason et al. 2017), it is
safe to assume that the in situ contribution to the MW old halo at
high Galactic |z| is minimal.
Importantly, given that the debris mixing times are a strong func-
tion of Galactocentric radius and that the dynamical friction depends
most notably on the satellite’s mass and its orbital parameters, it is
naı¨ve to expect the properties of the stellar halo to be the same
across the Galaxy. Unfortunately, the exploration of the evolution
in the stellar halo’s make-up has been hindered by the excessive
cost of running a spectroscopic survey of such an enormous volume
at such a low target density. In this paper, we propose to decipher
the fractional contributions of stellar systems of different masses
by mapping out the change in the mixture of pulsating RR Lyrae
variables.
Our proposed tagging scheme relies on the ideas of
Oosterhoff (1939, 1944), who pointed out striking differences in
the period distributions of the fundamental-mode (i.e. RRab) stars
in GCs. Specifically, clusters in the MW halo appear to be sep-
arable into two classes (the ‘Oosterhoff dichotomy’), one with a
mean period 〈Pab〉 ≈ 0.55 d and another with 〈Pab〉 ≈ 0.65 d –
nowadays commonly referred to as groups Oosterhoff I (OoI) and
Oosterhoff II (OoII), respectively. In between the two, one finds
the so-called ‘Oosterhoff gap’, with few bona fide MW globulars
(the ‘Oosterhoff-intermediate’ [OoInt] ones) being present over the
range 0.58  〈Pab〉  0.62 d (Catelan 2004, 2009). Arp (1955) and
Preston (1959) showed early on that there is a tendency for OoII
clusters to be more metal-poor than those of type OoI, while more
recently, it has also been found that OoII objects are slightly older
than OoI systems, on average (e.g. Gratton et al. 2010; Sollima
et al. 2014). OoII clusters have characteristically bluer horizon-
tal branches (HBs) than do OoI clusters. The RR Lyrae are also
brighter in OoII clusters, possibly due to a combination of evolu-
tionary effects (e.g. van Albada & Baker 1973; Lee, Demarque &
Zinn 1990; Pritzl et al. 2002; Sollima et al. 2014) and an increased
He abundance, compared to the RR Lyrae in OoI systems (e.g.
Gratton et al. 2010; Jang et al. 2014; Jang & Lee 2015; VandenBerg,
Denissenkov & Catelan 2016, and references therein). As discussed
by Sollima et al. (2014) and VandenBerg et al. (2016), none of the
proposed solutions account for all the available data, and it can thus
be concluded that a fully satisfactory explanation of the Ooster-
hoff dichotomy has not yet been achieved. What does appear clear,
however, is that the lack of OoInt GCs is due to the non-monotonic
behaviour of HB morphology with metallicity: the metallicity range
−2.0 [Fe/H]−1.8 is largely occupied by GCs with completely
blue HBs, which have accordingly failed to produce RR Lyrae stars
in significant numbers (Castellani 1983; Renzini 1983). The reason
for this non-monotonic behaviour is not fully understood, but could
be a consequence of the way mass-loss efficiency on the red giant
branch changes as a function of metallicity (e.g. Dotter 2008, and
references therein).
The fact that the Oosterhoff phenomenon carries important infor-
mation to decipher the earliest stages of the formation of the MW
halo is confirmed not only by its dependence on metallicity and age
as discussed above, but also by the presence of correlations between
Oosterhoff status and the spatial position and orbital properties of
RR Lyrae-bearing systems (e.g. van den Bergh 1993c, 2011; Lee
& Carney 1999). Note, in addition, that while OoInt GCs are not
present in large numbers in the MW halo, the situation changes dra-
matically in the immediate vicinity of our Galaxy, where it has been
shown that the OoInt region is actually favoured, compared with
the OoI and OoII loci, in 〈Pab〉–[Fe/H] and other similar diagrams.
This suggests that the MW halo cannot simply have formed from
the accretion of the early counterparts of the present-day population
of MW dwarf satellites (Catelan 2004, 2009; Stetson et al. 2014).
On the other hand, most of the UFDs have been found to be OoII
systems, which is consistent with their very low metallicities and
the trends seen in the MW halo (e.g. Clementini 2014; Vivas et al.
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2016) – though it should be noted that some of the more RR Lyrae-
rich UFD systems, such as CVn I and UMa I, like most of their more
massive dSph counterparts, are actually OoInt (Kuehn et al. 2008;
Garofalo et al. 2013).
Presented with the distinct behaviour of RR Lyrae in the period–
amplitude space as described above, we put forward a simple ob-
servational diagnostic for the genesis of the Galactic field halo
population. We propose to shed light on to the likely halo progeni-
tors by mapping out the fraction of the pulsators occupying different
locations in the Bailey diagram. This analysis is contingent on the
fact that the MW satellites do not contain RRab stars of a particular
Oosterhoff type, but rather host mixtures of these (Catelan 2009).
Here, we concentrate in particular on the difference in the 3D dis-
tribution of the RRab stars that fall approximately into the OoI and
OoII groups (see Section 2 for details). Moreover, motivated by
the results presented in Stetson et al. (2014) and Fiorentino et al.
(2015), we compare the behaviour of these two classes with the
spatial evolution of the fraction of the HASP variables. Note that,
compared to the multitude of in-depth studies of the Oosterhoff
dichotomy in the surviving satellites of the Galaxy, little has been
done so far with regards to the field RR Lyrae population. This is
not an omission but rather a delay due to the lack (until recently) of
large all-sky RR Lyrae samples.
While precious few in number, several previous studies of the
period–amplitude make-up of the MW field population exists. For
example, the Oosterhoff dichotomy in the Galactic halo RRab stars
is studied in Miceli et al. (2008), who find that within 20–30 kpc
from the Galactic Centre, the OoII RRabs follow a steeper ra-
dial density law compared to those belonging to the OoI group.
Zinn et al. (2014) explore not only the field halo but also the
prominent halo substructures crossing the field-of-view of their
∼800 deg2 survey, such as the Sgr stream and the Virgo stellar
stream (VSS). They measure the shape of the stellar halo and
see a clear break (see the discussion above) in the radial density
law at ∼25 kpc. While Zinn et al. (2014) detect no noticeable
change in the Oosterhoff mixture across the break, they caution
that this could simply be due to the small RR Lyrae sample size
available to them. Concentrating on the Sgr stream, they notice
that the stream contains a smaller fraction of short-period pul-
sators (compared to the remnant) and link this to the chemical
abundance gradients in the progenitor. Most importantly, they point
out a great level of similarity between the period–amplitude dis-
tribution in the field halo and in the large substructures such as
the Sgr stream and the VSS. Moving closer to the centre of the
Galaxy, Kunder & Chaboyer (2009) scrutinize the bulge RR Lyrae
population and notice an apparent difference between the period–
amplitude distribution of the bulge RR Lyrae and of those elsewhere
in the MW. More precisely, they observe a much higher fraction of
shorter period objects (at fixed amplitude), which they link to an en-
hanced metal enrichment (also see Kunder et al. 2013; Pietrukowicz
et al. 2015, for an updated analysis). Based on the observed differ-
ence, Kunder & Chaboyer (2009) conjecture that the progenitor(s)
of the Galactic bulge ought to be distinct from the halo parent
system(s).
This paper is structured as follows. In Section 2, we describe the
sources of the RR Lyrae data used here and the selection boundaries
in the period–amplitude space. We show how the mixture of RRab
stars from different portions of the Bailey diagram evolves with
Galactocentric radius in Section 3. The Oosterhoff dichotomy in
the currently known most prominent stellar streams is discussed in
Section 4. Finally, we provide the summary and the context for this
study in Section 5.
2 R R LY R A E DATA
This work relies, in part, on the all-sky RR Lyrae data recently
made publicly available by the Catalina Real-Time Transient Survey
(CRTS). The CRTS sample was released in several instalments: the
two largest subsets, namely the northern sky as reported in Drake
et al. (2013a) and the complementary southern portion analysed in
Torrealba et al. (2015), contain the bulk of the data. To these we add
the RR Lyrae from Drake et al. (2013b, 2014, 2017). After the cross-
match of all five catalogues, 31 301 unique RR Lyrae survive. The
distribution of their periods and amplitudes is shown in the left-hand
panel of Fig. 1. Note that, in this analysis, the CRTS amplitudes are
corrected by 0.15 mag as explained in Drake et al. (2013a). Here, we
use the RR Lyrae heliocentric distances as published in the above
catalogues. To convert to Galactocentric distances, we assume a
solar position 8 kpc away from the Galactic Centre. Only RRab
stars are considered in this work. These are selected according to
the following period (P) and amplitude (Amp) criteria:
0.43 < P (d) < 0.9,
0.6 < Amp (mag) < 1.45,
Amp < 3.75 − 3.5 P .
(1)
This first cut ensures that, compared to the bulk of the RRab stars,
possible contaminating variables with shorter (a minuscule con-
tamination from RRc stars at short periods and small amplitude
is still possible) or longer periods are excluded. Note that we have
checked that the results presented below do not change significantly
if the lower amplitude boundary is increased. The second cut at-
tempts to minimize the effects of the CRTS selection efficiency
related to the pulsation amplitude. Only stars with Amp > 0.6 mag
are detected out to 50 kpc without a significant loss in complete-
ness. This is demonstrated in the right-hand panel of Fig. 1, where
the density of the CRTS RR Lyrae in the space spanned by the
amplitude and the Galactocentric distance is displayed. Indeed, the
low-amplitude stars are only detected at small distances. However
– as emphasized by the black horizontal line – no strong distance-
dependent selection bias is visible in this figure for the RR Lyrae
with Amp >0.6 mag located within 50 kpc from the Galactic Centre.
There are Ntot = 27 491 RRab stars available after this selection. The
OoI and OoII stars are demarcated by the line given in equation (11)
of Zorotovic et al. (2010) but offset by +0.15 in amplitude, namely
Amp = −2.477 − 22.046 log P − 30.876(log P )2. (2)
As evidenced by Fig. 1, this selection boundary wraps tightly around
the overdensity of OoI stars. Note that, according to the above def-
inition, the Class 2 will include both OoII and OoInt objects. From
here onwards, we refer to the RRab stars falling within these selec-
tion boxes as Type (or Class) 1 and 2 stars. The inset in the lower
panel of Fig. 1 shows the amplitude distributions of the RR Lyrae
belonging to the two types. The two histograms appear barely dis-
tinguishable, thus supporting our assumption of the likely constancy
of the selection effects with Class membership.
Finally, we select HASP RR Lyrae according to the following
conditions:
0.43 < P (d) < 0.48,
0.9 < Amp (mag) < 1.45. (3)
We complement the CRTS data with a sample of RR Lyrae stars
in GC and dSph satellites of the MW. The GC RR Lyrae are taken
from the updated version (see Clement 2017a,b) of the catalogue
presented by Clement et al. (2001). Finally, we also use the fol-
lowing catalogues of RR Lyrae stars in the MW dSphs: in Cetus
and Tucana by Bernard et al. (2009), in Draco by Kinemuchi et al.
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Figure 1. Left: density of CRTS RR Lyrae stars in the plane of V-band amplitude (in magnitudes) and period (in days). Locations of the Type 1 (red), Type
2 (blue), and the HASP (black) objects are shown. Selection boundaries are stipulated in the main text. Note that according to this selection, Type 1 objects
are predominantly OoI RR Lyrae, while Type 2 is composed of OoII and OoInt objects. Right: logarithm of the CRTS RR Lyrae density in the space spanned
by the amplitude and Galactocentric distance. As the shape of the lower edge of the distribution indicates, the completeness of the low-amplitude objects is
a strong function of distance. However, for stars with Amp >0.6 mag (black horizontal line), the effects of the selection bias appear to be minimal. The inset
shows the histograms of the amplitude for the stars in Class 1 (red) and Class 2 (blue). Given that the two distributions are nearly identical, we assume that the
completeness affects both classes equally.
(2008), in Carina by Coppola et al. (2013), in Fornax by Greco et al.
(2009), in Leo I by Stetson et al. (2014), in Sculptor by Kaluzny
et al. (1995), in the LMC by Soszynski et al. (2003), and in the
SMC by Kapakos, Hatzidimitriou & Soszyn´ski (2011). For the Sgr
dwarf, we use the catalogue of Soszyn´ski et al. (2014) and extract
all RR Lyrae within 10◦ from the centre of the dwarf and located
between 22 and 31 kpc from the Sun. We also use RR Lyrae in some
of the brightest UFDs, such as Boo I (Dall’Ora et al. 2006), UMa I
(Garofalo et al. 2013), and CVn I (Kuehn et al. 2008).
3 R R A B M I X T U R E E VO L U T I O N W I T H
G A L AC TO C E N T R I C R A D I U S
Fig. 2 displays the change in the fraction of Type 1 (red)
RR Lyrae with respect to all stars selected using equations (1), e.g.
f1(R) = N1(R)/Ntot(R), as a function of Galactocentric radius. By
design, Ntot = N1 + N2, thus f2 = 1 − f1. All type fractions come
with their associated uncertainties, which are computed by propa-
gating the Poisson errors. As we are not taking the effects of the
completeness into account, the above errors should be considered
as lower bounds. Note that for this and other figures showing the
change in the RR Lyrae mixture with radius, we apply additional
cuts in Galactic height z (to minimize the contamination form the
thick disc) and extinction:
E(B − V ) < 0.25,
|z| > 1 kpc. (4)
For each star, the reddening is obtained using the maps of Schlegel,
Finkbeiner & Davis (1998). We also exclude the most significant
halo substructure, i.e. the Sgr stream (see figure caption for details).
After the three extra cuts, we are left with Ntot = 19 669 RRab stars,
of these 13 267 are Type 1, 6402 are Type 2, and 1538 are HASP.
Also shown in Fig. 2 is the fraction of Type 2 (HASP) objects in
blue (black). While the CRTS completeness is a strong function of
magnitude and to a lesser extent of position on the sky, we believe
that the selection biases affect in equal measure the stars in the three
groups considered. This, of course, assumes that there are no dra-
matic differences in the amplitude distributions of the two classes.
This assumption appears to be valid given the amplitude distribu-
tions of the Classes 1 and 2 shown in the inset of the right-hand panel
of Fig. 1. Thus, based on our experiments with the sample selection
boundaries, we believe that the fraction curves displayed indicate
the actual change in the RR Lyrae mixture throughout the Galaxy.
Across the distance range allowed by the data (5–50 kpc), the Type 1
objects dominate, comprising approximately two-thirds of the over-
all RR Lyrae population, in accordance with previous studies (see
Miceli et al. 2008; Abbas et al. 2014; Zinn et al. 2014). As the figure
evidently demonstrates, this fraction also varies significantly with
radius: f1 drops in the innermost halo, and also beyond 30 kpc. At
the edge of the CRTS survey, the f1 fraction drops to 50 per cent and
most likely continues to decrease further in the outer halo of the
Galaxy. The peak in f1 fraction, somewhere between 20 and 30 kpc,
appears to match the location of the break in the stellar halo’s radial
density profile (see Watkins et al. 2009; Deason et al. 2011; Sesar
et al. 2011).
Evidently more dramatic is the change in the HASP fraction.
The proportion of the HASP RR Lyrae changes by a factor of >3
from 10 per cent around the Galactic Centre to 3 per cent in the
outer halo. Intriguingly, the fHASP behaviour does not match fully
the evolution of f1. First, similar to Type 1 objects, the proportion of
HASP RR Lyrae drops around 30 kpc. However, in the inner parts of
the Galaxy R < 10 kpc, fHASP shows a strong increase, in the range
where f1 is shown to be declining. Given that, by construction, the
HASP subsample contains the RR Lyrae with the highest amplitude
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Figure 2. The RRab mixture evolution as a function of Galactocentric
radius (kpc). Fractions f1 (red), f2 (blue), and fHASP (black, scaled up by
a factor of 2) are each shown to vary significantly with radius. Note that
fHASP + f1 + f2 = 1 as HASP RRab are (almost entirely) a subset of the
Type 1 objects. The red and blue curves are mirror images of each other
by definition, whereas the HASP fraction fHASP behaves differently from
both f1 and f2. The thick grey vertical line marks the location of a break
in the stellar halo radial density profile (see Watkins et al. 2009; Deason
et al. 2011; Sesar et al. 2011). The stars belonging to the Sgr stream (see
Section 4) have been excluded by excising all objects with stream latitude
|B| < 8◦, where the stream coordinates are obtained by rotating RA and
Dec. to align with the great circle with a pole at (α, δ) = (303.◦63, 59.◦68).
available, we believe that the measurement of the evolution of fHASP
with radius is not significantly affected by the possible selection
biases discussed earlier.
To illustrate the differences in the behaviour of Type 1/Type
2/HASP RR Lyrae with radius, Fig. 3 presents simple toy models
of the fraction evolution: a ratio of power-law (Plummer) density
profiles in dashed (dotted) black curves. Here, the Plummer density
model is n = n0(1 + r2r−2s )−5/2 with two parameters, describing
the density normalization n0 and the scale radius rs. The power
law is simply n = n0rα , where α is the power-law index. For the
power-law density, we use the indices measured by Miceli et al.
(2008), and given in their equations (28) and (29), namely, −2.7
for Class 1 and −3.2 for Class 2. The density profiles suggested by
Miceli et al. (2008) appear to give a reasonable description of the f1
behaviour within the distance range probed by their data. Beyond
30 kpc, however, this model does not agree with the CRTS data: it
predicts a continuing increase in the fraction of Type 1 stars, while
a clear drop is registered. Using a ratio of two Plummer models
with scale radii 30 kpc (21 kpc) for Class 1 (2) achieves a marginal
improvement, in particular in the very inner portions of the halo,
from 5 to 15 kpc.
Given the f1 behaviour out to 30 kpc – as shown in Figs 2 and 3 –
one simple explanation of the change in the Galactic RRab mixture
is to invoke two types of progenitors. In this scenario, a stellar system
with a higher fraction of Type 1 RR Lyrae (Component 1) deposits
tidal debris that then relaxes into a distribution with a flatter density
profile as compared to the stars left behind by the progenitor(s)
Figure 3. f1 and fHASP radial profiles (as shown in Fig. 2) with toy mixture
models overlaid. The dashed line shows the f1 fraction in the halo where
Type 1 and Type 2 RR Lyrae are distributed according to (spherical) power-
law models reported in Miceli et al. (2008), namely: power-law index −2.7
for Type 1 and −3.2 for Type 2. The dash–dotted line corresponds to a
power-law density model as above but with an additional constant density
component. The dotted line is a halo where each RRab type is represented
with a Plummer density model: Type 1 with a scale radius of 30 kpc, and
Type 2 with 21 kpc.
with a higher fraction of Type 2 RRab stars (Component 2). Please
note that the models shown in Fig. 3 assume an extreme case where
one type of progenitor contributes all RR Lyrae of a particular type.
However, from our experiments with these simple models, it is clear
that more realistic values f1 ∼ 0.2 would also hold well against
the data. This simple picture gives a convincing explanation of
the fractional increase in Type 2 objects at small distances, but
seemingly breaks down at large Galactocentric distances, where f1
is observed to drop again.
Such a drop in the f1 fraction (or, equivalently, increase in f2)
beyond the break radius could possibly be accounted for with an
addition of a third progenitor type – that with an extremely flat radial
density distribution, as illustrated by the dash–dotted line in Fig. 3.
This model has an additional component whose density is constant
with radius. As evident in the figure, the contribution of the third
component appears to be enough to explain the turnover in the f1
curve beyond 30 kpc. There is perhaps a more prosaic explanation
for the peak and the turnover of the f1 curve. Rather than requiring
an additional component, such behaviour could probably be the re-
sult of the difference in sphericity between the Components 1 and 2
debris. The change in the stellar halo flattening with Galactocentric
radius has recently been reported in a number of studies (see Xue
et al. 2015; Das, Williams & Binney 2016; Iorio et al. 2018). Quite
simply, a significant vertical (with respect to the Galactic disc) flat-
tening of the Component 1 debris would likely result in a decrease
of f1 at large radii. Finally, if, as argued by Deason et al. (2013),
the break in the stellar halo density is created by the accretion of
one massive stellar system, Component 1 might not be extending
much beyond the apocentre of the host satellite, thus yielding a
sharp truncation at around the break and subsequent drop in f1. This
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Figure 4. Left: fraction of Class 1 RRab stars in the MW GCs. The size of the circle represents the number of RR Lyrae in the cluster (with the smallest symbol
corresponding to samples with ≤30 objects and the largest to samples with as many as ∼140 RRab stars), while the colour encodes the GC’s metallicity, with
violet/blue being the most metal-poor and orange/red the most metal-rich. Note the well-known Oosterhoff dichotomy where GCs tend to avoid intermediate
values of 0.4 < f1 < 0.7. Middle: fraction of HASP RRab stars fHASP in GCs. Very few, typically moderately metal-rich ([Fe/H] > −1.5 dex), objects achieve
fHASP > 0.15. Note that only objects with more than 1 HASP star are included in this panel. Right: the distribution of GCs in the space spanned by f1 and
fHASP. In all three panels, the black solid line shows the measurement of the Galactic stellar halo.
scenario, of course, works very well in conjunction with the previ-
ous hypothesis, i.e. that of a difference in the component flattening.
The evolution of the fraction of Type 1 RRab stars can be con-
trasted with the change in the fraction of HASP pulsators, shown as
a black solid line in Figs 2 and 3. The HASP fraction evolves in the
opposite sense to f1 and out to ∼15 kpc follows the trend in f2 frac-
tion. Beyond that, it switches from following f2 and starts to track
f1. Apart from a bump in the fHASP profile at ∼20 kpc, it continues
to fall precipitously as one moves into the outer halo. In summary,
given this distinct evolution, changes in fHASP cannot be described
by the simple two-component model proposed above. Nonetheless,
to illustrate the differences and commonalities between f1, f2, and
fHASP, Fig. 3 shows the inverted versions of the power law and the
Plummer models described above. Clearly, both power-law density
ratio and Plummer density ratio can explain crudely the global shape
of the fHASP curve. For example, a simple three-component model
can match the rise at the halo break radius, but does not have the
subsequent fall-off in the outer halo.
3.1 RRab mixture in Galactic satellites
It is instructive to compare the mixture of the field halo RRab
with that found in Galactic satellites, such as GCs and dSph galax-
ies. Fig. 4 compares f1 (left-hand panel) and fHASP (middle panel)
curves for the field halo (as described above) with the corresponding
fractions in the GCs at the appropriate distance. The colour of the
filled circle indicates the metallicity of the cluster, with blue (red)
corresponding to relatively low (high) values of [Fe/H]. The size of
the circle is proportional to the number of RR Lyrae in the cluster.
As described in a number of previous studies, the GCs display a
clear Oosterhoff dichotomy: f1 fractions are clustered around ∼0.3
and ∼0.8, with few examples of intermediate values. The halo, on
the other hand, occupies exactly the range avoided by the GCs, i.e.
0.5 < f1 < 0.75. Unfortunately, there are not many RR Lyrae-rich
GCs in the outer halo – most have extreme HB morphologies, ei-
ther too red or too blue to produce significant numbers of RR Lyrae.
Thus, it is not possible to track the behaviour of cluster f1 with
Galactocentric radius, with the majority of the data points lying
within 20 kpc. With regard to fHASP, most GCs do not host as many
HASP RRab stars as does the field halo at this radius. For a small
number of clusters that have more than 1 HASP star, a dichotomy
similar to that of Type 1/2 is observed. Note, however, that the clus-
ter data agree well with the outer halo fHASP fraction. Finally, the
right-hand panel of Fig. 4 gives the track of the field halo in the
space spanned by f1 and fHASP. Once again, this plot emphasizes
the lack of GCs with intermediate (∼0.6) values of f1 and (simul-
taneously) high (∼0.1) values of fHASP. Note, however, that even
though fHASP cannot be reliably measured for some of the GCs with
low f1 values, it is plausible that they contain sufficiently small (if
any) number of these RR Lyrae. Therefore, with the current data,
it is impossible to unambiguously rule out that a combination of
disrupted GCs cannot yield a mixture of RR Lyrae similar to that of
the field halo.
As pointed out in many previous studies, the f1 fraction in dSphs,
as shown in Fig. 5, is intermediate between those of GCs of types
OoI and OoII. This is the well-known flip-side of the Oosterhoff
dichotomy (see Section 1). On the other hand, the figure also shows
that the values of f1 seen amongst dSphs actually match those seen
in the field halo. In and of itself, this does not necessarily imply that
the halo field (or even individual dSphs, for that matter) does not
show the Oosterhoff dichotomy, as f1 values that are intermediate
between those seen in OoI and OoII objects could in principle
also arise simply from an arbitrary mix containing these two types
of stars. Note that, in the left- and right-hand panels, the dSph
fractions are not shown at the satellites’ distance but instead are
grouped around the fiducial location of 20 kpc (given that the bulk
of the surviving dwarfs is beyond the reach of the CRTS). The
colour of the symbol indicates the total stellar mass of the satellite,
with low-mass systems (like Draco and Carina) shown in purple
and blue and the largest galaxies (such as the Sgr dwarf and the
Clouds) shown in orange and red. A clear correlation between the
stellar mass and the f1 fraction is visible (hints of this correlation
are discussed in e.g. Stetson et al. 2014; Fiorentino et al. 2015).
Note that only the most massive systems host enough Type 1 RRab
stars (with the exception of Draco) to match the peak in the field
halo at f1 ∼ 0.75 at ∼25 kpc. Also shown as a large filled black
circle is an estimate of the f1 fraction for the brightest of the UFDs,
namely Boo I, CVn I, and UMa I. While the latter two objects have
values f1 ∼ 0.2, already for Boo I this fraction is consistent with
zero. Even though it does not seem possible to estimate f1 in most
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Figure 5. Same as Fig. 4 but for surviving Galactic dSphs. Note that the colour coding is different here, with colour representing the satellite’s stellar mass.
Additionally, the dSphs are not shown at their current distances in the Galaxy, but are instead offset to the fiducial R ∼ 20 kpc for comparison with the stellar
halo measurement (solid black). For the UFDs, we show a tentative measurement of f1 based on the data for UMa I (0.2), CVn I (0.23), and Boo I (0.0). For
the vast majority of other (fainter) UFDs in the Galaxy, the number of RRab stars is too low to warrant a reliable measurement of the class fraction. Note,
however, that the bulk of the RR Lyrae stars in the low-luminosity UFDs are likely Type 2, thus indicating f1 ∼ 0 for the population of the UFDs as a whole. A
correlation between f1 and dwarf’s stellar mass is visible in the left-hand panel. While the surviving dwarfs – occupying the so-called OoInt regime – match
well the range of the stellar halo’s f1, none of the currently observable systems reach the high levels of fHASP reported for the field halo.
of the (fainter) UFDs (due to small numbers of RR Lyrae detected),
it is likely that the ultrafaint ensemble as a whole has f1 very close
to zero (as indicated by the black arrow).
In terms of the HASP population (middle panel), none of the
dwarfs can attain fHASP ∼ 0.1 observed near the Galactic Centre. In
fact, only three satellites, namely Sgr, the SMC, and the LMC have
enough HASP stars to warrant a believable measurement. Curiously,
in terms of both f1 and fHASP values, the Sgr dwarf appears to sit
around the top of the distribution, thus indirectly confirming that
the progenitor system was one of the most massive satellites of the
MW, in accord with the studies of Niederste-Ostholt et al. (2010)
and Gibbons, Belokurov & Evans (2017). Finally, as the right-hand
panel of Fig. 5 illustrates, the values of f1 in the top three most
massive dwarfs around the MW are too high, while, at the same
time, fHASP fractions are too low in comparison to the field halo.
These results are in good agreement with the earlier measurements
by Stetson et al. (2014) and Fiorentino et al. (2015).
4 H A L O SU B S T RU C T U R E
Fig. 6 compares density distributions of Type 1 and two RR Lyrae
at three different heliocentric distances. At each distance, the halo
looks remarkably different depending on the RRab type used. The
choice between Types 1 and 2 affects the appearance of both the
smooth component and the substructure. The largest streams such as
Sgr (see e.g. Majewski et al. 2003; Belokurov et al. 2006) and VSS
(see Duffau et al. 2006, 2014; Newberg et al. 2007) are seen predom-
inantly in the left-hand column, while the narrower/colder Orphan
(Grillmair 2006; Belokurov et al. 2007) is clearly discernible only on
the right. Moreover, splitting the halo RRab population according to
the position in the Bailey diagrams helps to clarify the substructure’s
3D behaviour. For example, the Sgr trailing stream separates cleanly
into the faint and the bright components (see Koposov et al. 2012)
when Type 1 objects are considered. As evidenced by the middle
left- and bottom left-hand panels of the figure, these two branches
are not only off-set on the sky but also are located at slightly differ-
ent distances, in agreement with previous measurements (see Slater
et al. 2013).
4.1 Stellar streams
To further study the mixture of RR Lyrae stars in previously iden-
tified halo substructures, we select likely members of the three
stellar streams: Sgr, VSS, and Orphan. Additionally, we split the
Sgr stream into four portions: the trailing and leading tails are each
divided into a ‘bright’ and ‘faint’ component following the classi-
fication introduced in Belokurov et al. (2006) and Koposov et al.
(2012) that relies on the stream latitude |B|. The RA and Dec. se-
lection boundaries for each stream are shown in the top left-hand
panel of Fig. 7. These regions are chosen to follow the great circles
that approximately match the average stream track on the sky. We
aid the 2D selection with a cut on heliocentric distance as illustrated
in the bottom left-hand panel of the figure. The resulting measure-
ments of f1 (fHASP) fractions are given in the middle (right) panel
of the figure. Note that, even though the selection is performed in
3D, the samples of likely stream members do suffer from field halo
contamination. Thus the type fraction estimates are biased towards
the typical field value at the corresponding position, in contrast with
the measurements in the Galactic satellites where the contamination
is essentially negligible.
As the middle and the right-hand panels of Fig. 7 demonstrate,
even in the presence of some field contamination, a diversity of
RRab mixtures is observed in the Galactic stellar streams. The Sgr
stream and the VSS possess the highest values of f1. For Sgr, this is
another indication of the high original mass and the relatively fast
enrichment history of the progenitor galaxy (see also de Boer et al.
2014; de Boer, Belokurov & Koposov 2015; Gibbons, Belokurov
& Evans 2017). As analysed here, the leading debris is further
away from the progenitor compared to the trailing material, and,
accordingly, is dynamically older, i.e. stripped earlier. Thus, the
difference in the RRab mixture between the leading and trailing tails
– if detected at an appropriate significance level – could strengthen
our understanding of the metallicity gradients in the Sgr dwarf
before in-fall. Note that population gradients along the stream have
been detected previously (see Monaco et al. 2007; Chou et al. 2010;
Hyde et al. 2015). These spectroscopic measurements agree with a
strong decrease in both f1 and fHASP between the progenitor and the
stream as measured here. Note that the RR Lyrae have been used
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Figure 6. Density of RRab stars of Type 1 (left) and Type 2 (right) in equatorial coordinates for three heliocentric distance range (shown in the top left-hand
corner of each panel). There are 55 pixels in the RA dimension and 25 along Dec. The maps are smoothed with a Gaussian kernel with FWHM of 1.1 pixels.
The number of stars per pixel corresponding to the black and white shades of grey is shown in the top right-hand corner of each panel. The ‘hot’ overdense
pixels in the density maps correspond to the known satellites of the Galaxy, mostly GCs.
Figure 7. Top left: selection boundaries in equatorial coordinates for each stellar stream considered in this paper. Bottom left: stream candidate member stars
in the plane of stream longitude and heliocentric distance. Middle: fraction f1 computed for stream candidate member stars (selected as shown on the left)
compared to the field stellar halo (black solid). Right: fHASP for the selected streams. Empty black circle shows the measurement of the RRab class fraction for
the Sgr dwarf core (see Fig. 5).
before to trace metallicity gradients in dwarf satellites of the MW
(see e.g. Martı´nez-Va´zquez et al. 2016). Moreover, the difference
in f1 between the bright and faint branches, if significant, could
help in the future to shed light on to the creation of the so-called
stream bifurcation (see Belokurov et al. 2006; Koposov et al. 2012).
Currently, three models have been put forward to explain the split in
the Sgr tails (Fellhauer et al. 2006; Pen˜arrubia et al. 2010; Gibbons
et al. 2016). In all three scenarios, the dynamical age of the debris in
the two branches is different, which can be exploited to link back to
the stellar populations gradients in the progenitor before the in-fall.
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For the VSS, the elevated fractions f1 and fHASP may signify
much higher levels of contamination, which is not surprising given
that this is the ‘fluffiest’ structure of the ones considered here.
Alternatively, this could be a clue that the VSS originated in a
massive accretion event. For example, Boubert et al. (2017) have
recently extended the view of the stream further below the celestial
equator and pointed out that the VSS is perfectly aligned with
the Magellanic Stream (MS), thus speculating that the structure is
nothing else but the leading arm of the disrupting MCs. Note that
in all simulations of the MS, such a stream is produced by stripping
the SMC rather than the LMC. Therefore, to test the hypothesis
of the VSS origin, one ought to compare the stellar populations
in the stream to those reported for the SMC. According to the
studies of Duffau et al. (2006, 2014), the mean metallicity of the
RR Lyrae in the VSS is [Fe/H] ∼ −1.8, which agrees well with
the measurement of [Fe/H] = −1.7 for the RR Lyrae in the SMC
(see Haschke et al. 2012). Intriguingly, a stream-like alignment of
several GCs coincident with the VSS was reported by Yoon & Lee
(2002). However, unlike the stellar component of the VSS, the GCs
in the alleged stream represent a metal-poor subgroup of the OoII
objects.
Of the streams considered here, Orphan stands out as the only
structure likely dominated by the Class 2 RR Lyrae. The f1 ∼ 0.4 in
the stream is at the lowest limit of the range of the values displayed
by the classical dwarfs. However, the stream’s Class 1 fraction
measured here is most likely an upper bound, given the considerable
contamination by the field halo. Therefore, we propose that the
progenitor of the Orphan stream was a UFD, in contrast with the
conclusion reached in the recent study of Hendel et al. (2017).
5 D I S C U S S I O N A N D C O N C L U S I O N S
This paper demonstrates that in the MW field halo, there exists a
strong evolution of the mixture of RRab stars as a function of Galac-
tocentric radius. More precisely, the fraction of Type 1 (approxi-
mately corresponding to OoI) stars changes from 60 per cent in the
inner 10–15 kpc to 75 per cent at 25 kpc, falling back to 60 per cent
beyond 40 kpc. There is a remarkable agreement between the loca-
tion of the bump in the f1 fraction and the break in the radial density
of the stellar halo (see Watkins et al. 2009; Deason et al. 2011;
Sesar et al. 2011). As such, our results are in direct contradiction
with those presented in Zinn et al. (2014), but we attribute the dis-
agreement to the differences in the size of RR Lyrae samples used.
The f1 behaviour can be compared to the change in the fraction of
HASP RRab variables. The fHASP ratio also shows an increase at
around ∼20 kpc and an even steeper fall-off beyond 30 kpc, where
the HASP fraction drops by a factor of 5. Unlike the Type 1 RRab
profile, however, there appears to be an excess of HASP RR Lyrae
close to the Galactic Centre (i.e. within the innermost 10 kpc or
so). Using simple toy models of the stellar halo, we show that the
contribution from at least three different accretion components is
required to explain the patterns in the f1 and fHASP fractions. As we
elucidate in Section 3, one plausible interpretation of the peak in
both f1 and fHASP fractions at ∼25 kpc is a combination of (i) differ-
ent flattening of the spatial distribution of shorter period RR Lyrae
stars and (ii) a sharp truncation of the distribution of the RR Lyrae
with short periods. Both of these conditions may be accommodated
in a scenario with an early accretion of a single massive system (see
Deason et al. 2013).
To help calibrate the f1 and fHASP estimates, we also analyse the
mixture of RRab stars in the surviving MW satellites, such as GCs
and dSphs (see Figs 4 and 5). As noted previously by many authors,
the GCs show a clear dichotomy, with some preferring low values
of f1 and some high. The dSphs, on the other hand, tend to have
intermediate values of f1. While many of the GCs lie either too low
or too high compared to the f1 in the field halo, dSphs appear to
match the range of the observed halo Type 1 fraction much better.
This does not necessarily imply that the halo field (or even individual
dSphs, for that matter) is devoid of the Oosterhoff dichotomy, as
intermediate f1 values between those seen in OoI and OoII objects
could in principle also arise from an arbitrary mix containing these
two types of stars. We register a correlation between the dwarf’s
stellar mass and f1, with the three most massive satellites, namely
Sgr, the SMC, and the LMC, reaching f1 ∼ 80 per cent, slightly
above the halo peak of f1 ∼ 75 per cent. Even though there exist
objects amongst both the GCs and the dSphs with sufficiently high
f1 values, neither of the two satellite classes contains fractions of
HASP RR Lyrae similar to the halo. The bulk of the GCs and the
dSphs (including the most massive ones) contain a factor of 2 lower
numbers of HASP variables. There is a small number of GCs with
fractions fHASP a factor of 1.5 higher compared to the peak of the
field halo. However, as the right-hand panel of Fig. 4 illustrates,
the exact combination of intermediate f1 and elevated fHASP is not
realized in any of the surviving satellites, be it a GC or a dSph.
Stepping aside from studying the average properties of the
RR Lyrae mixture in the field, maps of the RRab density shown in
Fig. 6 reveal striking differences in the properties of the stellar halo
depending on the type of the pulsator used. We choose three well-
known halo substructures whose 3D properties have been mapped
out previously, namely the Sgr stream, the VSS, and the Orphan
stream. We detect clear signs of evolution of both f1 and fHASP along
the Sgr tails: compared to the progenitor, the stream’s f1 is reduced
by 30 per cent and fHASP by a factor of 3. We hypothesize that our
measurements are consistent with chemical abundance gradients
in the progenitor. We suggest that in the future, a more accurate
RR Lyrae fraction estimate might help elucidate the models of the
Sgr dwarf disruption and the genesis of the stream bifurcation. Sur-
prisingly, we find that the VSS possesses high values of both f1 and
fHASP, which would imply its origin in a massive galaxy, perhaps
similar to the SMC. If not a result of field halo contamination, our
measurement lends support to the recent discovery of Boubert et al.
(2017), who point out a close connection between the extended
view of the VSS they uncover and the Magellanic Clouds. Finally,
the Orphan stream contains the lowest fraction of Type 1 RR Lyrae,
f1 ∼ 0.4, which, given a likely non-zero contamination, is only an
upper bound on its true f1. Our measurement of f1 for the Orphan
stream has two important consequences. First, this value is smaller
than those for the classical dSphs, and may be in better agreement
with the extremely low values of f1 < 0.2 for the surviving UFDs.
Second, it shows that the search for low-mass substructure in the
halo can be significantly improved by using a particular subset of
RRab stars, more precisely those belonging to Class 2.
What is the most straightforward interpretation of the radial evo-
lution of the f1 fraction as shown in Fig. 2? Given the correlation
between the stellar mass and the f1 fraction exhibited by the dSphs
currently in orbit around the MW, the Galactic f1 profile may simply
be a reflection of the change in the fractional contribution of the halo
progenitors of different masses. In other words, at distances below
15 kpc and beyond 40 kpc where f1 is at its lowest, an enhanced
contribution from lower mass systems is expected. Between 15 and
30 kpc, where the peaks in both f1 and fHASP are observed, the stel-
lar halo is dominated by the debris from a massive progenitor – a
hypothesis similar to the halo break theory put forward by Deason
et al. (2013). To test this conjecture, we analyse a suite of cosmo-
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Figure 8. Left: mean progenitor mass at the given Galactocentric distance in six simulated MW stellar haloes. The thick grey band represents the average
between the blue and the red curves. Colour is used to distinguish between individual haloes and link to the accretion history shown in the middle panel.
Middle: accretion histories of the simulated stellar haloes. Right: same as left-hand panel, but for stellar haloes simulated without a baryonic disc. Note that the
disc grown between redshifts 3 and 1 affects the debris distribution in the stellar halo and can sometimes turn a rather flat progenitor mass profile (as shown in
the right-hand panel) into a ‘bumpy’ one (as shown in the left-hand panel).
logical zoom-in simulations of MW halo formation. The details of
the simulations can be found in Jethwa, Belokurov & Erkal (2018).
In essence, the six simulated stellar haloes considered here sample
a range of MW masses and capture some of the effects induced
by the baryons present in the real Galaxy, i.e. the action of the
disc. The baryonic disc is implemented parametrically and is grown
adiabatically between redshifts 3 and 1. To create the stellar halo,
the 3 per cent most bound dark matter particles in each in-falling
subhalo are tagged as stars. This is done by determining when each
subhalo reaches its peak mass and then assigning it a stellar mass
of
M∗ = 3.4 × 106 M
(
Mpeak
109 M
)1.7
, (5)
similar to the approach in De Lucia & Helmi (2008) and Bailin et al.
(2014). In order to only sample the stellar halo, stars within 2 tidal
radii of the remaining subhaloes at z = 0 are excluded.
The left-hand panel of Fig. 8 presents the average progenitor
stellar mass as a function of Galactocentric radius in the six simu-
lated haloes whose accretion histories are displayed in the middle
panel. All (but one) haloes display a drop in the average progenitor
mass at small distances from the halo’s centre. The fake MWs with
extended or recent accretion (shades of green) display a flat mass
profile across the range of distances considered here, i.e. between
20 and 70 kpc. Those haloes whose accretion history peaked early,
i.e. those coloured purple, blue, orange, and red all show a drop in
the average progenitor mass beyond 30–60 kpc. Clearly, the exact
shape of the mean progenitor mass profile is very sensitive to the
details of the host accretion history, which cannot be exhaustively
sampled with the small number of simulations presented here. For
illustration purposes, we also show a combination of the two mean
mass profiles (for the haloes shown in red and blue) as a thick grey
line. As demonstrated in the figure, MWs with an accretion history
peaking between 8 and 10 Gyr ago can indeed possess a stellar halo
with a characteristic bump in the mean progenitor mass profile, i.e.
very similar to the one implied by the RRab studies presented here.
Curiously, as shown in the right-hand panel of Fig. 8, the corre-
sponding zoom-in simulations without a disc do not show any of
the trends discussed above. Regardless of the accretion history, be-
tween 5 and 50 kpc, the mean progenitor mass profiles appear rather
flat. We therefore conclude that the changes in the mean mass pro-
file as seen in the left-hand panel of the figure are put in place by
the action of the disc. As the disc grows from ∼11 to ∼8 Gyr ago, it
helps to migrate the stellar debris accumulated so far from the outer
parts of the halo into the inner regions. Around the Galactic enter,
this ‘debris sorting’ induced by the disc growth creates an excess
of the material accreted the earliest (11–13 Gyr) – and thus mostly
contributed by the lower mass objects (as bigger dwarfs require
some time to grow before falling into the MW). The stars stripped
from the larger systems later on (8–11 Gyr) are moved closer to
the Galactic Centre but cannot be packed as tightly, hence result-
ing in an overdensity at intermediate radii (20–30 kpc). Therefore,
the three stellar halo components required by the RR Lyrae mixture
changes could be (i) the debris from low-mass objects accreted early
(10–13 Gyr) and contributing to the inner region of the halo today
(<15 kpc); (ii) material from a massive system merging with the
MW between 8 and 11 Gyr ago and dominating the halo at the dis-
tances between 10 and 30 kpc; and (iii) the stars from the rest of the
unlucky Galactic satellites fallen into the MW during its lifetime.
To summarize, the changes in the RRab mixture with radius
can be explained with the evolution of the relative contribution of
progenitors of different masses. Given the behaviour of f1, the field
halo at low and high Galactocentric distances might be dominated
by debris from systems not unlike a typical dSph observed around
the MW today. The intermediate distances in the Galaxy appear
to have an increased contribution from the most massive systems,
perhaps as massive as Sgr/SMC/LMC. However, the exact nature of
such a ‘giant dwarf’ progenitor is unclear as the halo’s fHASP fraction
at these distances is almost twice that of the most massive surviving
dwarf (LMC). Of course, such an ancient progenitor system might
not necessarily be a replica of the LMC. Note that the LMC –
which appears to have arrived to the Galaxy rather recently (see e.g.
Kallivayalil et al. 2013) – has had a prolonged period of relative
inactivity, restarting star formation in earnest only 5 Gyr ago (see
Harris & Zaritsky 2009; Meschin et al. 2014; Monteagudo et al.
2018). The hypothesized halo progenitor, on the other hand, evolved
much closer to the MW, and thus likely had a different – probably
faster – enrichment history. If a large portion of Type 1 RR Lyrae
stars around the 15–30 kpc has indeed been contributed via an early
merger with a massive system, it may be possible to pick up tracers
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of this accretion event in the kinematics of stars in the future Gaia
data releases. Note that many OoI GCs tend to prefer retrograde
orbits according to van den Bergh (1993a,b), who suggested the
merger of a massive ancestral object(s) on a retrograde orbit as
the origin of the MW’s OoI component. With regards to the short-
period RRab stars, it appears rather plausible that the sharp rise in
fHASP as one approaches the Galactic Centre is due to an increasing
contribution by bulge stars, in agreement with the earlier studies
of Kunder & Chaboyer (2009). Finally, our hypothesis of a strong
evolution in the mass of the ‘typical’ contributing progenitor as
a function of Galactocentric radius appears to be supported by a
comparison to the cosmological zoom-in simulations of the MW
halo formation in the presence of a baryonic disc.
The ideas discussed here are complementary to the analysis of the
stellar population mixture as encoded in colour–magnitude space
(see e.g. de Jong et al. 2010) and have many similarities with other
studies of variations in the ratio of distinct halo tracers (see Bell
et al. 2010; Deason et al. 2015; Price-Whelan et al. 2015). Given
the diversity of the behaviour of the simple test statistics proposed
here, such as f1 and fHASP fractions, we surmise that the distribution
of RR Lyrae in the period–amplitude space appears to be unique
enough to be used as a progenitor fingerprint. In particular, it may
be possible to use it to tease out signatures of the accretion of
low-mass satellites. There is also an added value in being able to
leverage the unique properties of the RR Lyrae as standard candles
to disentangle the hotchpotch of the stellar halo in 3D. All in all,
in the view of the imminent Gaia Data Release 2, unmixing the
Galactic halo with RR Lyrae tagging should become feasible in the
near future.
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